TFP and W-7 completely inhibited the relaxation induced by carbachol and A23187. In contrast, TFP-SO and W-5 , which have lower affinity to calmodulin, had little or no effect on either the carbachol-or A23187-induced relaxation . An organic calcium antagonist, verapamil, did not change the relaxation induced by carbachol or A23187 . W-7 did not modify the relaxing effect of sodium nitroprusside (10-8-10-6 M) which is not mediated by endothelium. These results suggest that either formation or release of endothelium-derived relaxing factor involves the process mediated by calmodulin in the rabbit aorta.
Introduction
Since Furchgott and Zawadzki (1980) reported that vascular endothelium plays an important roll in the acetylcholine-induced relaxation in rabbit aorta , relaxing responses of arteries to various substances have been shown to be mediated by endothelium-derived relaxing factor (EDRF) (Furchgott, 1983) . Although the chemical structure and source of EDRF is still unknown, production of EDRF has been reported to be dependent on external Ca2+ (Singer and Peach, 1982; Long and Stone, 1985) . Ca2+ regulates cell functions in numerous tissues by Accepted for publication, June 30, 1986. activating target enzymes together with an ubiquitous Ca2+ binding protein, calmodulin (Means et al., 1982) . Therefore, it is possible that the EDRF-mediated relaxation involves Ca2+ calmodulin system. In order to examine this possibility, we investigated the actions of calmodulin antagonists on the endothelium-dependent relaxation induced by carbachol and A23187 in rabbit aorta.
Material and Methods
Male, New Zealand rabbits, weighing 2.5-3.0 kg, were killed by a rapid injection of sodium pentobarbital (25 mg/kg) and air into ear vein. The thoracic aorta was rapidly removed and cut into rectangular strips, 2 mm wide and 10-12 mm long. Great care was taken not to injure the endothelium.
In some experiments, endothelium was removed by gently rubbing the endothelial surface with moistened finger (Furchgott and Zawadzki, 1980 In the presence of these antagonists (except W-5), norepinephrineand histamine-induced contractions were partially inhibited. The contractile tension observed 10 min after the addition of stimulants in the presence of these antagonists are summarized in Table 1 . During a prolonged incubation, TFP and W-7 slowly decreased and finally abolished the contractions induced by these stimulants.
On the other hand, verapamil finally inhibited 50% of the contraction induced by norepinephrine.
Effects of calmodulin antagonists on carbachol-induced relaxation
Contractions induced by norepinephrine and histamine were relaxed by carbachol (10-6-10-5 M) in a concentration-dependent manner (Table 2) . Carbachol-induced relaxation was not observed in the aorta without endothelium (Fig. 1) . Effects of TFP (10-5 M), TFP-SO (10-5 M), W-7 (10-4 M), W-5 (10-4 M) and verapamil (10-5 M) on the carbachol-induced relaxations were examined using the experimental procedure shown in Fig. 1 . As shown in the g (24) and 2.02+0.08 g (16), respectively. Antagonists were added shortly before the addition of stimulants , as shown in Fig. 1 .
ENDO (+)
ENDO (-) ENDO (+) Fig. 1 . Effects of the removal of endothelium or addition of W-7 on the relaxation induced by either carbachol or A23187 in rabbit aorta. Carbachol (CCH) in the concentrations of 10-6 M and 10-5 M and A23187 (10-8 M) was applied (at the filled dots; concentrations are shown by-log M) during the contraction induced by 10-6 M norepinephrine (NE) . W-7 (10-4 M) was added shortly before the addition of norepinephrine. 
Effects of calmodulin antagonists on A23187-induced relaxation
Contractions induced by norepinephrine were inhibited by A23187 (10-8 M) only in the aorta with endothelium ( Fig. 1 and Table 2 ). The relaxant effect of A23187 was strongly inhibited by TFP (10-5 M) and W-7 (10-4 M), and slightly inhibited by TFP-SO (10-5 M). In contrast to this, W-5 (10-4 M) and verapamil (10-5 M) had little effect on the A23187-induced relaxation. These results are summarized in Table 3 . Effect of W-7 on the sodium nitroprusside-induced relaxation
In the aorta without endothelium, sodium nitroprusside relaxed the norepinephrine -induced contraction. Pretreatment of the muscle with W-7 (10-4 M) did not modify the relaxant effect of sodium nitroprusside (Table 4) .
Discussion
TFP and W-7 are calmodulin antagonists (Levin and Weiss , 1979) with different chemical structures.
These calmodulin antagonists inhibited the contractions induced by norepinephrine. It has been known that the smooth muscle contractions are dependent on calmodulin (Dabrowsk a et al., 1978) and are inhibited by calmodulin antagonists (Karaki et al ., 1982; Ruegg et al., 1983) . In fact, all the contractions examined in the present experiments were completely inhibited after prolonged incubation with TFP or W-7 .
Carbachol relaxed the contractions induced by norepinephrine and histamine in the rabbit aorta with endothelium which is due to release of EDRF (Furchgott and Zawadzki , 1980; Murakami et al., 1985) . TFP and W-7 inhibited the carbachol-incuced relaxation . In contract to this, W-5, a dechlorinated derivative of W-7 , and TFP-SO, a sulfoxide derivative of TFP, had little or no inhibitory effect on the carbachol-induced relaxations . These compounds are known to be weaker calmodulin antagonists with lower affinity to calmodulin (Prozialeck et al., 1981 ; Tanaka et al., 1982) . These results suggest that Ca2+-calmodulin system is included in the endothelium-dependent relaxation . Endothelium is a very thin layer and the calmodulin antagonists may penetrate and inhibit the function of endothelium much faster than that of smooth muscle. It may be also possible that these calmodulin antagonists inhibited the muscarinic receptor resulting in an attenuation of the carbachol-induced relaxation . However, this possibility is ruled out by the result that the relaxation induced by A23187 , which does not activates a specific receptor (Furchgott , 1983) but acts as an Ca2+ ionophore, was similarly affected by the calmodulin antagonists as that induced by carbachol . Since most calmodulin antagonists have calcium antagonistic activity (Karaki et al ., 1982) , these antagonists may have inhibited the calcium influx to the endothelium . However, this possibility is not likely either because a calcium antagonist, verapamil , showed little effect on the relaxation due to EDRF. (Eurchgott et al, 1983) . In order to know whether calmodulin antagonists act on endothelium or smooth mucscle cells, we investigated the effects of calmodulin antagonists on the smooth muscle relaxation induced by sodium nitroprusside which acts directly on smooth muscle cells and activates guanylate cyclase activity (Ignarro and Kadowitz, 1985) . It was found that W-7 did not inhibit the sodium nitroprusside-induced relaxation. This result suggests that calmodulin antagonists act on endothelium, but not on the processes following the activation of guanylate cyclase in vascular smooth muscles.
In conclusion, it is suggested that Ca2+-calmodulin system is operative in the production of the relaxing factor in the endothelium of rabbit aorta. Present results, however, do not exclude the possibility that the calmodulin antagonists used affected the process apart from calmodulin because the effects of available calmodulin antagonists are relatively nonselective (Means et al., 1982) .
